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Abstract 0 The release of a mixture of two acidic drugs (benzoic 
acid and salicylic acid) from an inert matrix into phosphate buffers 
was investigated utilizing the physical model approach. Equations 
were derived describing the diffusional behavior and interactions 
of the various species under different conditions. The equations 
were solved for two boundary conditions due to the interactions 
of drugs with the buffers and drugs by themselves, i.e., for pre- 
cipitation or no precipitation of benzoic acid in the n1atrix:Experi- 
mental data were obtained and analyzed with self-consistent 
methods employing the appropriate equations. The analysis showed 
that the physical model investigated generally described all of the 
experimental data and yielded physically significant parameter 
values and conclusions. I t  was found that the model utiliring the 
simultaneous precipitation and drug release gave much better 
agreement of the data with the theory than that which assumed 
appreciable supersaturation of the drug in the matrix. 
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Previous publications (1-9) discussed the results of 
investigations designed to quantitate the influence of 
numerous factors upon the release profile of drugs em- 
bedded in an inert matrix into solvent media. The initial 
studies (1-4, 8-1 1) quantitated the role of the media, the 
inert matrix, and drug characteristics on the release pro- 
file of a single drug. More recently, this work was ex- 
tended to  binary drug systems (5, 6, 12). In  particular, 
the release rates of the binary system, benzoic acid and 
salicylic acid, were studied utilizing 0.1 N HCI as the 
solvent system. The use of 0.1 N HCI greatly simplified 
the release pattern since both acids are undissociated a t  
this pH.  The  less complex study demonstrated the valid- 
ity of the binary-drug release model and allowed the 
parameters of the system to  be accurately determined. 
This necessary baseline study also essentially described 
the release profile of any two weak acids into an acidic 
medium with a pH sim'ilar t o  that of gastric fluid, which 
is essentially a n'onreactive medium for this drug  sys- 
tem. 

The  purposes of this study were to investigate the in- 
fluence of a more alkaline medium representative of the 
intestinal lumen, to develop a model applicable to  this 
system, and to  test the model experimentally. Ob- 
viously, an alkaline medium will complicate the model 
considerably, since the acids will be converted to their 
dissociated form when dissolved by the alkaline medium. 
The degree of conversion to the dissociated form will 
depend, of course, not only on the pH but also on the 

buffer capacity of the medium relative to  the amounts of 
acids embedded in the matrix. This system is further 
complicated by possible mutual interaction of the two 
acids when the p H  and buffer capacity of the medium 
are not sufficient to convert totally both acids to  their 
respective dissociated forms. For this reason, the release 
profile of this binary system was determined a t  various 
phosphate buffer concentrations for the p H  range of 
5-8. 

The  results of this study complement the previous 
work determined in acidic media and should provide a 
better understanding of the effect of the biological 
parameters on the release of these drugs when admin- 
istered orally. In  addition, the results of these studies 
permit the evaluation of the often-made assumption that 
the release medium is not important due to  the relatively 
long diffusional pathway within the inert matrix as com- 
pared to  the outer diffusion layer. From a biopharma- 
ceutical viewpoint, this is obviously an important con- 
sideration when attempting to control the release rate 
as the tablet passes through the GI tract. It is hoped that 
the results of this investigation will lead t o  a better 
understanding of the expected release patterns of these 
systems in the tract and, therefore, t o  their wider accep- 
tance, since it is generally acknowledged that more def- 
inite control of the release pattern of drug after ad- 
ministration must be achieved if we are to improve 
future health care significantly. It is believed that timed- 
release medication is one area that must be thoroughly 
investigated, since it potentially provides numerous 
easily controlled variables necessary for success in ob- 
taining a desirable release profile of a drug. 

THEORY 

The relative release rate of a mixture of two drugs dispersed in 
an inert matrix has been shown to depend on their relative solubili- 
ties, relative dilfusion coefficients, and relative amounts incorporated 
in the matrix ( 5 ) .  Therefore, the interface existing between the solid 
drug and solvent for the two drugs recedes at  different rates. The 
one-dimensional diffusion-controlled model proposed for the 
release of a mixture of benzoic acid and salicylic acid, which is 
dispersed in a matrix into a phosphate-butfered solution, is shown 
in Fig. 1 for the case in which the solid benzoic acid solvent in- 
terface, sI. moves more slowly than the solid salicylic acid-solvent 
interface, SZ. 

Figure I n  illustrates the system when the inert matrix is first 
exposed to solvent. At this time, no solvent penetration has ac- 
curred and, therefore, borh solid drug -solvent interfaces have not 
as yet receded into the inert matrix. Figure Ih shows the conditions 
existing at  a finite time later, r .  The model essentially shows four 
regions. The boundary of the inert matrix surface solvent interface 
is at x = 0, and separates Region 0 (bulk solvent) and Region 1 
(completely leached portion of the matrix). The solid-liquid bound- 
ary of the slower moving drug (benzoic acid) is at s = SI and 
separates Region 1 and Region 2, which contains a solid phase 
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composed of benzoic acid only. Finally, the solid-liquid boundary 
of the faster moving drug (salicylic acid) is at x = s2 and separates 
Region 2 from Region 3, which contains both drugs as solids. Any 
solvent that exists in Region 3 will be saturated with respect to both 
txnzoic acid and salicylic acid. Similarly, for the boundary s?, the 
solution will be saturated with respect to both salicylic acid and 
benzoic acid. In Region 2, the situation is changed, since the solu- 
tion will be saturated with respect to only knzojc  acid. The salicylic 
acid, on the other hand, will show a concentration gradient in this 
region. Conversely, none of the concentrations in Region 1 re- 
mains constant; therefore, a concentration gradient exists for all 
species in this region. Since the solvent will be considered an infinite 
sink, Region 0 will essentially contain only phosphate buffers. 

From this model, differential equations were obtained which 
describe the diffusional behavior of the various species in Regions 
1 and 2. For the equations to be developed in this section, D is 
the diffusion coefficient of the species in the solvent and is assumed 
for the sake of simplicity to be the same for all species involved in 
Eqs. 1-8. The porosities ( 5 )  in Regions 1 and 2 are designated as 
e l  and c2 .  The tortuosities ( 5 )  in the same regions are designated as 
rl and T ? ,  respectively. The model takes into consideration the fact 
that as the phosphate buffer solvent penetrates the matrix, it will 
interact with both the benzoic acid and salicylic acid to form 
benzoate and salicylate ions, respectively. The model, therefore, 
must consider the concentration gradients of all species in Regions 
I and 2. 

Since the rate of transport of dibasic phosphate ion, HP--2, into 
the matrix must be equal to the rate of transport of monobasic 
phosphate i o n ,  HIP-.  out of the matrix, it follows that: 

In addition, the transport rate of H I P -  must be equal t o  the sum of 
the diffusion rates of salicylate ion, S-, and benzoate ion, B-; 
therefore, the following must be true: 

The total transport rates, GY and GB, out of the matrix for salicylic 
and benzoic acids, HS and HB, respectively, are given by the fol- 
lowing equations: 

In  the same manner, four similar equations can be obtained for 
Region 2 :  

where G4' and GH' are the total transport rates of salicylic and 
benzoic acids out of Region 2, respectively. The rate of total trans- 
port of salicylic acid species out of the matrix, Gs, is equal t o  the 
rate of transport out of Region 2. CS', since Region 2 is rate con- 
trolling. &', however, is not equal to GH since Region I is rate con- 
trolling. 

By assuming that the concentration of all drugs is zero in the 
bulk solution at all times, that is, the solvent acts as a perfect sink, 
Eqs. I -4 can be integrated from Y = 0 to .x = s1 to give: 

(HP-')i + (HzP-)i = TI' (Eq. 9) 

( E ) i  + (%)I = ( H z P ) I  - (H2P-h (Eq. 10) 

3 a 

Figure 1- Diffusiorr-cotitrc)lled model for the release of a mixture 
of benzoic ucid, H R ,  atid salicylic acid, HS,  embedded itr ati itiert 
matrix into a phosphate buffer solirrioti for tlre case it1 which the 
berizoic ucid boundary, sI, moces more slowly thati tire salicylic acid 
boundary, s?. Key: (a ) ,  rotiditiorrs existing at t = 0 ;  atid (b ) ,  con- 
ditiotis at u finite time, t later. Sulicylute utrd berizoate iotts are re- 
presetited by S- arid B-., respecticely. 

Equations 4-8 can also be integrated from A = sI to x = sz to 
yield Eqs. 13-16: 

(HP')z  - (HP')i t 
( H , P ) , z  - (HzP-11 = 0 . (Eq. 13)  

(B-)? - (B-)i + (S-)P - (%)I = (HzI-)z - (H2P-h (Eq. 14) 

(Eq. 15) 
Cs(s2 - Sl) 

D f 2  
(HS)2 - (HS)i + (S-)P - (S-)I = ~ 

7 2  

7 2  

The subscripts 0, 1, and 2 denote the concentration of the respective 
species a t  x = 0, x = sI, and x = sp. The TP is the total concentra- 
tion of all species of the phosphate buffer. 

It was also assumed that the following equilibria exist in all 
regions: H S  + H P - 2  % S- + H J -  and H B  + HP-2 % B- + 
H 2 P ,  and obey the following relationships: 

where KHS and KHB are the acid dissociation constants of salicylic 
acid and benzoic acid, respectively, and K2p is the second acid dis- 
sociation constant of phosphoric acid. The conditions are such that 
the principal equilibrium governing the system obtained from the 
above equilibria is given by: HS + B- % HB + S-. 

The above equilibrium indicates that the benzoate ion will be 
converted to  benzoic acid in Region 2, since K l l B  is smaller than 
KEiy. I n  addition, the presence of solid H B  in Region 2 dictates 
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that the benzoic acid concentration in Region 2 as a minimum 
must be equal t o  its intrinsic solubility. Since the benzoate ion is 
being converted to  benzoic acid in Region 2, there are two physically 
reasonable or possible cases in this region: either precipitation of 
HB somewhere in  Region 2 will occur or Region 2 will become 
supersaturated with respect to HB. These two possibilities are con- 
sidered separately in the following two sections. 

Case I (Precipitation in Region 2 Allowed)-A suitable set of 
boundary conditions can be specified for the case in which precipi- 
tation of HB in Region 2 is permitted. By assuming that the rate 
of precipitation in Region 2 is sufficiently rapid, it can be assumed 
that the concentration of HB in solution is equal t o  its intrinsic 
solubility. Therefore, the boundary conditions for HB in Region 
2 are equal for this case, i.e., (HB), = (HB)* = (HB),. The absence 
of solid HS in Region 2, however, means that the concentration 
of HS in Region 2 will be less than its intrinsic solubility. Therefore, 
a saturated solution of HS will exist only at  the boundary, sI, i.e., 
(HS)* = (HS)* > (HS)I, where (HS)* is the intrinsic solubility for 
salicylic acid. It should be emphasized that these boundary condi- 
tions are consistent with the assumption that the processes are all 
diffusion controlled and that rapid equilibria among species and 
phases exist at  any coordinate, x .  Because of this precipitation, the 
net transport rate of total benzoate and benzoic acid in Region 
2, GB', may not be zero. 

By simultaneously solving Eqs. 9-1 8. equations were obtained 
which can be used to describe the drug release as a function of time. 
T o  test the model, these equations were solved to obtain expressions 
which can be used to analyze experimental data. The following ex- 
pression involving the rate of total salicylic acid (all species) was 
obtained by analysis of Region 2 equations: 

!& [z - :]I (Eq. 19) 
D 

In addition. an expression involving the rate of total salicylic acid 
obtained by analysis of Region 1 equations was found to  be given 
by : 

For convenience of analysis, as will later be seen, the expression 
was not solved explicitly for GB. 

In these expressions, the quantities (HS)I, (H?P-)I, and (HIP-), 
cannot be experimentally measured and the following expressions 
containing measurable quantities can be substituted for them: 

where: 

Kne 
KZP 

A = -(HB)*(TP) 

E F = (HzP)i - C - - 
KIP 

E = KHS(HS)* + Kan(HB)* 

It is seen that if Eqs. 21-23 are substituted into Eqs. 19 and 20, 
the rates of salicylic acid release from Regions I and 2 can be 

l2 t / 

~. . .  

50 100 150 200 250 300 350 
1/FMC dsx. 

Figure 2-Release ofbenzoic acid from an inert matrix [polyerkylene- 
polyvinyl chloride (3  : 7)] containing 2 0 z  of a mixture of 3 : I  ratio 
o f  benzoic to salicylic acid into phospliate birfer (KH2POrKLHP04 = 
9 : I molur ratio) at diferent toral phosphate concentrations. Key: W ,  
0.50M; A,0.?5 M + 0.01 dioctylsodirrm sulfbsuccinate;A, 0.25 M ;  
0, 0.10 M + 0.01% diocryl sodium sulfosuccinate; and 0, 0.IO M 
phosplza te concen tra rion . 

calculated from experimentally available measurements for the 
precipitation model. 

Case I1 (Supersaturation in Region 2)-Although it was recog- 
nized that this case is the less likely one due to the difficulty of 
maintaining a supersaturated solution of HB in the presence of 
its solid phase, it was felt that the possibilities were such that it 
should be fully investigated. In addition, this analysis may lead to a 
better understanding of this system and to more confidence in the 
results and conclusions. This case involves the following boundary 
conditions: GB' = 0, (HB)l = (HB)*, and (HS)I = (HS)*. In this 
case, (HB), # (HB)*, since its concentration is higher due to  no pre- 
cipitation occurring in Region 2. In addition, the total concentration 
of all benzoic acid species is constant in all parts of Region 2 for 
this case. Although the slope of the concentration profiles of both 
species, HB and B-, are not zero in Region 2, the total concen- 
tration of both species remains constant as the slopes are equal in 
magnitude but opposite in sign in this region; therefore, no net 
movement of the HB species occurs in Region 2. For this case, the 
solution of Eqs. 9-18 yielded the same four equations, Eqs. 19-22, 
as in the precipitation model. However, the expression for ( H z P ) ~  is 
changed and is given by Eq. 24: 

a(H2P-)z3 + P ( H I P ) ? ~  + -dH2P)2 + A = 0 (Eq. 24) 

where: 

L 
TP 

Ly = -  

Knn - KIP 
KHB 

L =  

It is seen that if Eqs. 21, 22, and 24 are substituted into Eqs. 19 
and 20, the rates of salicylic acid release from Regions 1 and 2 
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50 100 150 200 250 300 350 
d m ,  dsec. 

Figure 3-Release of salicylic acid from an inert matrix [poly- 
ethyleiie-polyaii~yI chloride (3 : 7)] containing 20% of a mixture of 
3 : I rutio of benzoic to salicylic acid into phosphate buffer (KHzPOa- 
K2HPOa = 9 : I molar ratio) at different total phosphate concentra- 
tions. Key: B, 0.50 M; A, 0.25 M + 0.01 dioctyl sodium sulfosrrc- 
cbiate; A, 0.25 M ;  @, 0.10 M + 0.1 % dioctyl sodium sulfosuccinate; 
and 0, 0.10 M phosphate concentration. 

can be calculated from experimentally available measurements 
for the supersaturation model. 

EXPERIMENTAL 

Materials-Singh et al. (5) found that a mixture of polyvinyl 
chloride' and polyethylene2 in a 7 : 3 w/w ratio forms a useful matrix 
for a number of drug mixtures. Therefore, in the present studies 
this mixture ratio was used for the matrix. Benzoic acid (reagent 
grade):' and salicylic acid (reagent grade)3 were purified by re- 
crystallization from an ethanol-water mixture and dried at 100". The 
dried powders were mixed in a 1 : 3 w/w ratio of salicylic acid to  
benzoic acid and then added to  a prepared 7 : 3  w/w mixture of 
polyvinyl chloride and polyethylene powders so that the final 
mixture contained 80 total plastic (polyvinyl chloride and poly- 
ethylene) by weight. The 1 :3  ratio of the salicylic acid to  benzoic 
acid was used to  assure the situation in which solid benzoic acid 
rather than salicylic acid would exist in Region 2 for all pH condi- 
tions anticipated. 

Tablet-A tablet was made by compressing 300 mg. of the 
drug-plastic mixture using a press4 a t  a force of 4540 kg. (10,000 Ib.) 
with a 1.27-cm. (0.5-in.) flat-face die and punch. I t  was then mounted 
in wax by coating the lateral and one of the flat sides with molten 
beeswax, thereby exposing only one flat surface of the tablet for 
drug release. The solid concentrations of the drug and the volume 
fractions of drugs and air in the tablets were determined as pre- 
viously described (1). The parameters are needed for a theoretical 
treatment of data. 

Release Rate--The apparatus used for these release rates was 
similar to that used by Singh et at. (7). In a typical experiment, 
after the introduction of solvent, aliquots of solution were removed 
as a function of time for both acids; their concentrations in the 
bulk were determined by UV spectrophotometric analysis a t  296 
and 259 nm. The solvents used in these studies contained phosphate 
buffers which consisted of different ratios of dipotassium phos- 
phate3 and monopotassium phosphate3 to  control the pH and 
of ditrerent total buffer concentrations in order t o  control the degree 
of interaction with the drugs. In addition, the effect of surfactant 
was investigated by adding dioctyl sodium sulfosuccinate6 to  the 
solvent of a number of studies. 

; Dow Chemical Co., Midland, Mich.; particle size <80 mesh. 
- Allied Chemical Corp., Plastic Division, Morristown, N. J.; parti- 

3 .I. T. Baker Chemical Co., Phillipsburg, N. J. 
cle size <270 mesh. 

Fred S. Carver, M. C., Summit, N. J. 
Aerosol OT, American Cyanamid Co., Wayne, N. J. 

50 100 150 200 250 300 350 
.\/TIME, dsec. 

Figure 4-Release of benzoic acid from an inert matrix [polyethylene- 
polyvinyl chloride (3  : 7)] containing 2075 of a mixture of 3 : I ratio 
of benzoic to salicylic acid into phosphate buffer (KH2POa-&HPOa = 
I : I  molar ratio) at different total phosphate concentrations. Key: 
a, 0.50 M ;  A, 0.25 M + 0.01% dioctyl sodium sulfosuccinate; A, 
0.25 M; 0,  0.10 M + 0.01% dioctyl sodium sulfosuccinate; and 
0, 0.10 Mphospliate concentration. 

RESULTS 

Some of the experimental results are presented in Figs. 2-5. The 
most noteworthy aspect of these results is that all of the experi- 
mental data appear t o  follow the square root of time dependence. 

By comparing Figs. 2 and 4, it can be seen that with the same con- 
centrations of solvent but a different pH, the solution of higher pH 
yields the faster rate for benzoic acid (almost two times faster). 
The same results are shown for salicylic acid in Figs. 3 and 5. 
Figures 4 and 5 show that the buffer with the same ratio of dipotas- 
sium phosphate and monopotassium phosphate yields the faster 
release rate when the concentration of buffer is higher. From these 
figures it can also be seen that solvents with dioctyl sodium sulfosuc- 
cinate yield faster release rates for the same concentration in the 
absence of dioctyl sodium sulfosuccinate. The presence of dioctyl 
sodium sulfosuccinate has been shown (7) t o  provide complete 
solvent penetration of the matrix. These results show that the 
release rate is a function of the buffer pH, buffer concentration, 
and the permeation rate of the solvent. 

TREATMENT OF EXPERIMENTAL DATA AND 
COMPARISON OF RESULTS WITH THEORY 

Because of the very complex nature of the equations, it would 
be extremely difficult to test the theory in the usual manner (5, 6), 

50 100 150 200 250 300 350 
d T m ,  dsx. 

Figure 5-Release of salicylic acid from an inert matrix [poly- 
ethyle/le-polyl:iilyI chloride ( 3  : 7)] containing 2007, of a mixture of 
3 : I ratio of benzoic to salicylic acid into phosphate hiiffcv (KHzPOa- 
K2HPOd = I :  I molar ratio) at different total phosphate con- 
centrations. Key: ., 0.50 M ;  A, 0.25 M + 0.01 ;{ dioctyl sodium 
sulfosuccinate; A, 0.25 M; @, 0.10 M + 0.01% dioctyl sodium sul- 
fosuccinnte; and 0, 0.10 M phosphate concentration. 
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Sclieme I-Flowcliart for computer program showing ihe procedure used to estimate r1 atid r2 jar  the releuse of beiizoic arid sulicylic ucids 
into phosphate buffer. 

i.e., to compare directly experimental and theoretically calculated 
rates in the theoretical equations, parameters that have been de- 
termined either a priori or from experiments other than the release 
rate experiments themselves. It was found that the theoretical 
model was best investigated by using a self-consistency approach 
involving the use of the derived equations with experimental data. 

The particular approach taken to compare the experimental re- 
sults with theory may be described as follows. The experimental 
values for GBsl were used with Eqs. 19 and 20 to yield a function of 
r1 and r2.  Then the 71 and T* values were adjusted to obtain simul- 
taneously the best agreement between the theoretical and experi- 
mental Gssz values and s2/sl ratios. The success of this method de- 
pends heavily upon having a wide range of release rates which are 
necessary for a sensitive test of the theory. 

AS shown in the Appendix, it was found that: 

where AHB and Aas are the concentrations of solid HB and solid HS 
incorporated in the matrix, respectively; and QB/~’/-  and Qs/t’/‘ are 
the slopes of plots of the experimental release of benzoic acid and 
salicylic acid against the square root of time, respectively. Equations 
25-27 may then be used to calculate the experimental GBS~,  Gss?, 
and s2/sI, respectively. The theoretical GssL was obtained from Eq 
19, and the theoretical s2/s1 was obtained from: 

(Eq. 28; 5 - Gss2 obtained from Eq. 19 
sl Gssl obtained from Eq. 20 
- 

The calculations of T~ and 7” from Eqs. 19 and 20 were carried out 
using a digital computer‘. The flowchart for the computer program 

6 IBM 360. 
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is shown in Scheme I for both boundary conditions. The “system 
parameters” shown in the flowsheet are all of the parameters given 
by the equations presented in the theory section that are constant 
for a given system; these are K H B ,  K H S ,  (HB)*, (HS)*, D, el,  
and t2. 

On the other hand, the “experimental parameters” shown in the 
flowsheet are those that are different for each system studied de- 
pending on the experimental conditions utilized; these are (TP), 
(HLP), ,  G B J ~ ,  71, 7 2 .  A71 (which is an  increment of r,), and A n  
(which is an increment of 72) .  

Table I shows the computation of Ggs2 and s2/sl by adjusting 71 

and r2 for this study, in which 0.5 M phosphate buffer (KH2POI- 
K2HP04 = 9: 1) was used as a solvent. It can be seen that increasing 
T~ but keeping 7 2  constant caused Gss2 t o  decrease but caused 
s2/sI to increase. On the other hand, keeping r1 constant but in- 
creasing T? caused both Gssl and s?/sl to  decrease. I t  was found that 
only one pair of 71 and r2 simultaneously provided good agreement 
of both experimental Gss2 and s2/sl with the calculated values of 
Gss2 and s2/sI. For example, a pair of values T~ = 6.00 and r2 = 
10.0 showed that both calculated values of Gss2 and s2/s1 were higher 
than experimental values. If 7 2  was increased to 18.0, it is seen from 
Table I that calculated GssP was too high but sB/sl was too low. 
Minimizing the deviation of calculated values from experimental 
values indicated that rz = 26.0 was the best choice for 71 = 6.00. 
Similarly, at  7, = 6.50, 7 2  = 18.0 was best. Note that the best fit 
at 71 = 6.00 yielded a calculated GSs2 that was too high and a calcu- 
lated s2/sl that was too low; but the best fit at  7 )  = 6.50 yielded op- 
posite results, as the calculated Gss2 value was too low and SJS, was 
too high. On the other hand, the best fit for T~ fixed a t  6.25 yielded 
a 7 2  = 22.0 and gave good agreement between calculated and ex- 
perimental values. The computer program that utilized a smaller 
Ar1 and AT* increment showed that a value of r1 = 6.30 and of r2 = 
21.0 provided calculated values of Gss2 as 1.33 X and sI/sI 

as 1.31, which are in exact agreement with the experimentally 
obtained values. 

Table I1 tabulates the combinations of 71 and T? that gave the best 
simultaneous fits for the theoretical and experimental values of 
G~s2 and sl/sl for the boundary conditions of the precipitation 
model using the method described in Table I. In addition, the re- 



Table I-Results of Calculation GSSZ and s2/sl by Adjusting T~ and 
T~ for Case I, Using Arl Increments of 0.25 and A72 Increments of 4.0 

-Estimated- ,--G~sr X 10"a- -- a/sl -- 
71 7 2  Calc. Exp. Calc. Exp. 

6 . 00 10.0 1.82 1.33 1.49 1.31 
14.0 1.65 1.35 
18.0 1.56 1.27 
22.0 1 .so 
26.0 1.45 
30.0 1.42 

6.25 10.0 1.70 
14.0 1.51 
18.0 1.41 
22.0 1.34 
26.0 1.30 
30.0 1.27 

6.50 10.0 1.58 
14.0 1.38 
18.0 1.28 
22.0 1.21 
26.0 1.16 
30.0 1.12 

1.22 
1.19 
1.16 
1.61 
1.44 
1.34 
1.28 
1.24 
1.20 
1.77 
1.55 
1.43 
1.35 
1.30 
1.26 

a Mole cm.-' set.-*. 

sults for the boundary conditions of the supersaturation model are 
also tabulated for easy comparison. 

CONCLUSIONS 

The calculated results tabulated in Table 11 can also be used 
to show that the boundary conditions of the precipitation model 
are more appropriate for this drug matrix system; i.e., precipitation 
of benzoic acid is occurring in Region 2. The variation of the values 
of T* obtained from both cases differed markedly, as shown by 
their respective means and variances. 

The standard deviation of the r2 values obtained using the bound- 
ary conditions of the precipitation model was much smaller than 
that for the boundary conditions of the supersaturation model. A 
lest of their respective variances showed that statistically a dif- 
ference of this magnitude occurs less than one time out of 1000 
trials ( F  = 2500). In addition, a test of the means also showed that 
statistically a difference of this magnitude occurs less than one time 
out of 100 trials ( t  = 27). This strongly suggests that precipitation 
in Region 2 occurs in this matrix solvent system. 

Secondly, comparison of r1 values shows that both cases opti- 
mized at the same values of T ~ .  This was not unexpected, however, 

since Region 1 is identical in both models. Obtaining identical 
optimum values as predicted by the models was very encouraging 
since vastly different conditions in Region 2 were used in the theoret- 
ical equations. These values are in fair agreement with those found 
under more ideal conditions, i.e., experiments (rl = 5.5) in 0.50 
N HC1 with no surfactant present. The average dioctyl sodium 
sulfosuccinate value of T~ (il = 4.7) for a 1 :3 ratio was found t o  
be in excellent agreement with that found previously (5) in hydro- 
chloric acid solution for the same ratio (7, = 4.5). A test of the 
means indicated that these differences were insignificant. Com- 
parison of 7 2  values shows that the two cases markedly differ. The 
7 2  values obtained from the precipitation model more closely agree 
with the value obtained (T$ = 14.5) under more ideal conditions, 
i.e., experiments in 0.50 N HCl saturated with benzoic acid. The 
values of 7 2  obtained under Case 11, however, are much greater than 
the values obtained under more ideal conditions. In addition, 
a priori consideration would dictate that values of r2 close to 1000 
should be rejected. The above analysis strongly indicates that it 
should be concluded that precipitation is occurring in Region 2. 

Table I1 also shows that the effects of surfactant can be appre- 
ciable, which indicates that wetting and variations in wetting may 
have contributed to some of the nonconstancy of T~ and T~ values. 
When surfactant was present, both the 7, and the 7% values were 10- 
50% smaller than in the absence of surfactant. This would be con- 
sistent with the idea that in the absence of surfactant, some of the 
channels (pores) for diffusion are not available and also that a 
lower than expected effective porosity is reflected in larger effective 
tortuosity values. 

The results of this study clearly show that a theoretical model 
and mathematical analysis can be usefully employed to  obtain in- 
formation which cannot be obtained by ordinary methods of ex- 
perimentation. It is believed that this approach can and should be 
extended to other situations involving such simultaneous poly- 
phasic, polycomponent interactions. 

APPENDIX 

When the amounts of dissolved drugs remaining in the pores are 
negligible as compared to  the amounts of drug released, which is 
true for poorly soluble drugs, the total amounts of benzoic acid and 
salicylic acid released, QB and Qs,  may be expressed by: 

QB = ~ I A U B  (Eq. Al) 

and: 

QS = SZARB (Eq. A21 

Table 11-Tabulation of Best-Fit Values of r1 and ' T ~  and Comparison of the Calculated Parameters of Qs/ t ' / ?  and s2/sI with the 
Experimentally Observed Values for Both the Precipitation (Case I) and Supersaturation (Case 11) Models 

-- Solvent-- 
Percent 
Dioctyl 
Sodium -- Estimated -- -- Qs/t'/i X lOSc-- --- a/s,---- 

Buffera Total Sulfo- ----Tz- ---Calc.--- --Calc.--- 
Ratio Bufferb succinate T~ Case I Case I1 Case I Case I1 Exp. Case I Case I1 Exp. 

9:l  0 .50 - 6.30 21 .o 172.0 1.41 1.41 1.41 
9: l  0 .25 - 7.00 17.0 508.0 1.17 1.17 1.17 
9 : l  0.25 0.01 4.90 7.0 214.0 1.63 1.63 1.63 ~ ~. . ~ ~~ 

9 : l  0.10 - 4.43 23.0 120.4 i . 2 1  i . 26  i .21 
9: l  0 .10 0.01 3.95 11 .o 79.6 1.44 1.43 1.43 
I : I  0.50 - 7.00 24.0 54.0 2.56 2.55 2.55 
1 : l  0.25 - 5.58 12.0 98.0 2.36 2.36 2.36 
1 :1 0 .25 0.01 4.43 13.0 104.0 2.49 2.50 2.50 

.31 1.31 

.37 1.17 

.56 1.56 

.28 1.36 

.44 1.43 

.34 1.34 

.50 1.50 

.40 1.41 

.53 1.54 

.52 1.53 

.36 1.38 

.42 1.42 

.31 

.38 

.56 

.28 

.44 

.34 

.50 

.40 

.53 

.53 

.38 

.42 
0 : l  0.50 - 7.20 19.0 22.0 3.67 3.67 3.66 1.43 1.43 1.43 
0 : l  0.25 - 6-83 33.0 150.0 2.50 2.59 2.45 1.26 1.26 1.26 . . -~ .. . ~ .~ ~ ~. 

o:i  0.25 0.01 6.38 20.0 88.0 2.76 2.76 Z . i S  1.38 1.38 1.38 
0 : l  0.10 - 7.25 32.0 996 1.73 1.57 1.60 1.26 1.26 1.26 
0: 1 0.10 0.01 5.08 20.0 475.0 2.05 2.05 2.05 1.33 1.33 1.33 

a KHzPOrK2HPOa in molar ratio. * Moles/l. c g. cm.? sec.-'/i. 
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Differentiation with respect to  time and rearrangement of these 
equations yield: 

and : 

where : 

cB = dQ 2 and GB = dQB - 
dt di 

It can be assumed that GBsl and GgsZ are constants in time. Equa- 
tions A3 and A4 show that this assumption simply means that QB 
and Qa are both proportional to the square root of time, which 
is a fact supported by the experimental data given in Figs. 2-5. 
Integration of Eq. A3 from s = 0 at t = 0 to s = s a t  t = t gave: 

Substitution of Eq. A6 into Eq. Al ,  with subsequent rearrange- 
ment, gave Eq. 25 shown in the text: 

The same relationship for sz and G S S ~  may be obtained by inte- 
grating Eq. A4 and substituting the result into Eq. A2; i.e.: 

and: 

The latter equation corresponds to Eq. 26 of the text. 

The ratio of the solid drug-solvent boundaries can then easily 
be obtained from the equations to obtain Eq. 27 of the text: 
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